Baryon to meson transition distribution amplitudes (TDAs) extend the concept of generalized parton distributions. Baryon to meson TDAs appear as building blocks in the collinear factorized description of amplitudes for a class of hard exclusive reactions, prominent examples of which being hard exclusive meson electroproduction off a nucleon in the backward region and baryonantibaryon annihilation into a meson and a lepton pair. We study the general properties of these objects following from the underlying symmetries of QCD. In particular, the Lorentz symmetry results in the polynomiality property of the Mellin moments in longitudinal momentum fractions.
INTRODUCING πN TDAS
Hadronic matrix elements of nonlocal light-cone operators are the conventional nonperturbative objects which arise in the description of hard exclusive electroproduction reactions within the collinear factorization approach. Factorization theorems for hard exclusive backward meson electroproduction argued in [1, 2] and baryon-antibaryon anihilation into a pion and a high energy dilepton pair [3] lead to the introduction of baryon to meson transition distribution amplitudes (TDAs), non diagonal matrix elements of light-cone three-quark operators ( 1) between a baryon and a meson states. In (1) α, β, γ stand for quark flavor indices; ρ, τ and χ denote the Dirac indices and c 1,2,3 are indices of the color group. Throughout this paper we adopt the light-cone gauge A + = 0, so that the gauge link is equal to unity and we do not show it explicitly in the definition of the operator (1).
In accordance with the usual logic of the collinear factorization approach, baryon to meson TDAs have well established renormalization group behavior. The evolution properties of the three-quark nonlocal operator (1) on the light-cone [4] [5] [6] [7] were extensively studied in the literature (see e.g. [8, 9] ) for the case of matrix elements between a baryon and the vacuum known as baryon distribution amplitudes (DAs). The definition of baryon to meson TDAs involves the same light-cone operator. Consequently, its evolution also determines the factorization scale dependence of TDAs [10] .
Because of the nonperturbative nature of TDAs the initial conditions for evolution require modeling at low factorization scale. In particular, nucleon to pion (πN) TDAs at low scale were recently studied within a light-front quark model [11] . From the physics point of view πN TDAs may be seen as an essential object to probe the pion cloud content of the nucleon [12] .
In [10, 13, 14] a factorized framework was introduced to describe the electroproduction process
in the generalized Bjorken limit (Q 2 = −q 2 -large ; Q 2 /(2p 1 · q) -fixed ) in the socalled backward region |u| ≡ |(p π − p 1 ) 2 | ≪ Q 2 in terms of πN TDAs. It is worth emphasizing that such kinematical regime essentially differs from the more conventional limit −t ≡ −(p 2 − p 1 ) 2 ≪ Q 2 in which the factorization theorem for hard exclusive electroproduction of pion off a nucleon [15] applies for (2) . In this later case the description of (2) involves standard nucleon generalized parton distributions (GPDs).
We introduce the standard Mandelstam variables for the reaction (2):
Therefore, the t-channel of (2) corresponds to an exchange with quantum numbers of a meson while in the u-channel an intermediate state with baryon quantum numbers is involved.
Throughout this paper we adopt a reference frame in which the three-momenta q and p 1 have only a third component. We define the light-cone vectors p and n such that 2p · n = 1 and introduce standard kinematical quantities: average momentum P = . The detailed description of kinematics of (2) in the backward regime is presented in [14] .
The definition of the leading twist-3 πN TDA involved in the description of the reaction (2) in the backward regime can be symbolically written as 4(P · n) 
The spin-flavor (s.f.) sum in (4) stands over all relevant independent flavor structures (f a ) αβγ ι and the Dirac structures s ρ τ, χ . The detailed account of the Dirac and flavor structure occurring in (4) is given in Sec. 2 and Sec. 4.
Nucleon to pion TDAs are conceptually much related to pion-nucleon generalized distribution amplitudes (GDAs) [16, 17] which are defined through the cross-conjugated matrix element of the same three-quark operator (1) . Indeed, a similar correspondance was established between pion GPD and 2π GDA [18, 19] .
Therefore, it is natural to simultaneously consider the cross-conjugated (p ′ π ↔ −p π , q ′ ↔ −q) reaction:
The formal definition of πN GDA that arises in the description of (5) reads 4(P ′ · n) 
where we introduce P ′ = p 1 + p ′ π for the total momentum of πN state and ∆ ′ = p 1 − p ′ π . The variable ζ = p 1 ·n P ′ ·n characterizes the distribution of the plus momenta of the πN system.
We choose the Dirac structures in (6) s ′ ρ τ, χ as being given by crossing of s ρ τ, χ in (4) . πN TDA and GDA are interrelated by a crossing transformation
and analytic continuation in the appropriate kinematical variables:
The physical domain in (∆ 2 , ξ)-plane for both the direct channel (2) and crossconjugated (5) reactions is determined by the requirement that the transverse momentum transfer ∆ T = −P ′ T should be spacelike:
Here M and m stand for nucleon and pion masses respectively.
On the left panel of Fig. 1 we show physical domains for the reactions (2) and (5) for physical pion mass. One may distinguish two regimes: the direct channel regime with its threshold at ∆ 2 = (M − m) 2 and the cross-channel one with its threshold at
The upper (lower) branch of the curve bordering the physical domain in the direct channel regime tends to ξ = 1 (ξ = −1) when ∆ 2 → −∞. Note that the physical domain of the direct channel of (2) includes both negative and positive values of ∆ 2 . Moreover, in the chiral limit (m = 0) the two thresholds stick together (see the right panel of Fig. 1 ). We exploit this fact later in Sec. 5 in order to work out the normalization for πN TDAs.
TDAs for the case m = 0 (left panel) and in the chiral limit m = 0 (right panel).
It is interesting to compare Fig. 1 to that in the case of equal masses of particles in |in and out| states. On Fig. 2 we show the physical domains in (∆ 2 , ξ)-plane for pion GPD and 2π GDA occurring in the description of γ * π → γπ and γ * γ → ππ (here ∆ refers to the momentum transfer between initial and final pions in γ * π → γπ and the usual definition of ξ is assumed). In particular, the physical domains for pion GPD and 2π GDA are symmetric under the reflection of ξ. The difference between Fig. 1 and Fig. 2 has purely kinematical origin and is not related to the nature of QCD operator in the matrix element in question. The basic issue of the approach based on πN TDAs is that, contrary to the GPD case, πN TDAs lack an intelligible forward limit ξ → 0. However, the opposite limit ξ → 1 turns out to be very illuminating. For simplicity, let us consider the pion to be massless. The point ξ = 1, ∆ 2 = M 2 (corresponding to both the direct and cross-channel threshold) belongs both to the physical regions for πN GDAs and TDAs. Moreover, it is for this very point that the soft pion theorem [20] applies for πN GDAs. As argued in [16, 17] , this allows to constrain πN GDAs at the threshold in terms of the nucleon DA.
In the chiral limit the soft pion theorem for GDAs also constrains πN TDAs exactly as the soft pion theorem [18] for 2π GDA in the chiral limit links the isovector pion GPD at ξ = 1, ∆ 2 = 0 to the pion DA. Thus, in the chiral limit the soft pion theorem provides us with the desired reference point for πN TDAs. This valuable information may be used as input for realistic modeling of πN TDAs based on the spectral representation in terms of quadruple distributions [21] . In [22] we will argue that a possible approach consists in evolving from the ξ = 1 limit for πN TDAs through a procedure analogous to the one used for GPDs; in this latter case one employs the forward limit ξ = 0 to constrain GPDs through the successful Radyushkin's factorized Ansatz [23] .
It is worth to mention that the simpler case of πγ TDAs has already been discussed in details [24] [25] [26] [27] [28] . These TDAs share many features with πN TDAs, and are also subject to chiral symmetry constraints. Since the operator in this case is the same as in usual GPDs, polynomiality properties and isospin relations are straightforwardly extended from one case to the other.
In this paper, we analyze the constraints on πN TDAs imposed by the symmetries of QCD. First, we argue that the underlying Lorentz symmetry results in the polynomiality conditions which restrict the skewness parameter dependence of TDAs in a way similar to the well known GPD case. Second, we analyze in details the isospin decomposition of πN TDAs and establish the consequences of the isotopic and permutation symmetries. Third, we exploit the chiral symmetry of QCD to calculate πN GDAs and TDAs in the soft pion limit. Finally, we show how a model based on nucleon and ∆(1232) exchanges satisfies the revealed polynomiality and isospin constrains. The paper is organized as follows:
• In Sec. 2 we introduce the new parametrization for πN TDAs and show that, within this parametrization, πN TDAs satisfy the polynomiality conditions.
• In Sec. 3 we consider the isospin structure of the three-quark operator and describe the general isospin parametrization of the leading twist baryon DAs. Next, we consider the consequences of isotopic and permutation symmetries of baryon DAs.
We rederive the familiar isospin identities for the leading twist baryon DAs.
• In Sec. 4 we apply the isospin formalism to the case of πN TDAs and GDAs and derive the set of symmetry relations for πN TDAs and GDAs.
• In Sec. 5 we derive the soft pion theorem for πN GDAs and discuss its consequences for πN TDAs.
• Sec. 6 contains the calculation of u-channel nucleon and ∆(1232) exchange contributions into πN TDAs.
• Our conclusions are presented in Sec. 7.
Let us stress that the main goal of the present paper is to provide the basic formalism for a consistent modelling of TDAs. The phenomenological applications of this formalism will be addressed in forthcoming publications. Measuring pion electroproduction at large angle is a challenging experimental problem. Some preliminary data are already available from J-Lab [29] and more data are expected from J-Lab at 12 GeV. A detailed proposal for measuring the reactionpp → γ * πN exists in the PANDA Physics program [30] .
POLYNOMIALITY PROPERTY OF πN TDAS
In this section our goal is to show that, analogously to GPDs, nucleon to meson TDAs satisfy the polynomiality property i.e. their Mellin moments in longitudinal momentum fractions x i are polynomials of variable ξ of definite power. For definiteness we are going to consider the case of nucleon to pion TDAs. In this section we omit flavor indices in the operator O ρ τ χ (1) since flavor symmetry is irrelevant for the present problem.
It turns out necessary to change the parametrization of πN TDA earlier proposed in
Refs. [14, 21] . The important drawback of our initial parametrization is that it involves the set of the Dirac structures which leads to spoiling of the polynomiality property of
TDAs by the kinematical factors . In order to get rid of these kinematical singularities we suggest the following parametrization of the leading twist-3 πN TDAs 1 :
where F stands for the Fourier transform
f π is the pion weak decay constant and f N is a constant with the dimension of energy squared; U is the usual Dirac spinor and C is the charge conjugation matrix.
The price for avoiding the kinematical singularities in the invariant amplitudes in (10) is that apart from the leading twist contribution we have to keep some admixture of subleading twist (see Appendix C). The relationship between the parametrization involving pure twist-3 invariant amplitudes employed in Refs. [14, 21] and that of Eq. (10) is given by Eq. (C11).
We introduce the following notations for the leading twist Dirac structures occurring in (10):
We also employ the shortened notation for the whole set of twist-3 Dirac structures:
1 Throughout the text we employ Dirac's "hat" notation:â ≡ γ µ a µ . The following conventions are adopted: (10) is a function of the longitudinal momentum fractions x i (i = {1, 2, 3}), skewness parameter ξ = − (∆·n) 2(P ·n) and the momentum transfer squared ∆ 2 . The support properties of πN TDAs in the longitudinal momentum fractions x i were established in [21] .
Now we are going to demonstrate that the πN TDAs defined in (10) satisfy the polynomiality property. Our demonstration generally repeats the usual way of arguing for the case of GPDs (see e.g. [31] ).
The (n 1 , n 2 , n 3 )-th (n 1 + n 2 + n 3 = N) Mellin moments of TDAs in x 1 , x 2 , x 3 lead to derivative operations acting on three quark fields:
Hence, the Mellin moments of nucleon to meson TDAs are expressed through the form factors of the local twist-3 operators:
where
A l µ λ l is the covariant derivative (λ l stand here for the Gell-Mann matrices). Note that in (15) , (16) we omit color indices.
Introducing the shortened notation
we write down the following parametrization for the πN matrix element of the local operator (16):
where the sum in the first term is over all independent Dirac structures (12);
(∆ 2 ) denote the appropriate invariant form factors.
We introduce the compact notation for the Mellin moments of TDAs:
Now from (18) we establish the following relations for (n 1 , n 2 , n 3 )-th (n 1 + n 2 + n 3 = N)
Mellin moments of TDAs:
Thus, we conclude that the πN TDAs defined in (10) indeed satisfy the polynomiality property. For n 1 + n 2 + n 3 = N the highest power of ξ occurring in (n 1 , n 2 , n 3 )-th Mellin moment of {V Therefore, the complete parametrization of πN TDAs requires adding a separate D-term contribution to the spectral representation or a singular modification of corresponding spectral densities in the spirit of Ref. [32] .
ISOSPIN PARAMETRIZATION FOR LEADING TWIST BARYON DISTRI-BUTION AMPLITUDES

Notes on the operator in question
Below we review the group-theoretical properties of the three-quark operator (1) under the SU(2) isospin symmetry group. Throughout the rest of the paper we adopt the following conventions:
• Letters from the beginning of the Greek alphabet are reserved for the SU(2) isospin indices α, β, γ, ι, κ = 1, 2.
• We have to distinguish between upper (contravariant) and lower (covariant) SU (2) isospin indices. We introduce the totally antisymmetric tensor ε αβ for lowering indices and ε αβ for rising indices (
• Letters from the middle of the Greek alphabet λ, µ, ν denote the Lorentz indices.
• Letters from the second half of the Greek alphabet ρ, τ, χ are reserved for the Dirac indices.
• Letters from the beginning of the Latin alphabet a, b, c ... are reserved for indices of the adjoint representation of the SU(2) isospin group.
• Letters c 1 , c 2 , c 3 stand for SU(3) color indices.
To simplify our formulas we will often skip the color and the Dirac indices when they are irrelevant for the discussion. We will also often employ the shortened notation for the arguments of the operator (1):
). The operator (1) transforms according to the
representation of the isospin SU(2). To find out the operators transforming according to the isospin-
and isospin-
representations we single out the totally symmetric and totally antisymmetric parts of (1):
The totally symmetric part
obviously transforms according to isospin- 3 2 representation. The totally antisymmetric part
is zero in SU(2). The explicit expression for the remaining part O αβγ reads:
One can represent O αβγ as a sum of three operators which are antisymmetric in pairs of
The explicit expressions for the operators O
Contracting operators (27) with the appropriate ε tensor we get a spinor transforming according to the fundamental representation of SU (2) . Note that only two operators in (27) are independent due to the relation
Thus, in complete accordance with (21) , the tensor decomposition of the three-quark operator (1) involves two copies of operators transforming according to the isospin-
representations of the isospin group.
Case of nucleon DA
In this subsection we suggest convenient notations for the leading twist nucleon distribution amplitude. We introduce the isospin parametrization for the leading twist nucleon DA and rederive the familiar results [33, 34] for the symmetry properties of the nucleon DA. This technique is applied in the next subsection to the analysis of the more involved cases of isospin structure and symmetry properties of ∆(1232) DA and πN TDAs and GDAs.
The leading twist nucleon DA [34] is defined through the matrix element of the threequark operator O αβγ ρτ χ (1, 2, 3) between a nucleon state and the vacuum. Being guided by the principle of invariance under SU(2) isospin we can put down the following isospin decomposition for the matrix element in question:
The three isospin invariant amplitudes are not independent due to the identity
It is worth emphasizing that the fact we have only two independent invariant isospin amplitudes meets with the consequences of the Wigner-Eckart theorem [35] for the matrix element of the three-quark operator O. Indeed, as we checked in Sec. 3 1, the tensor decomposition of the operator O involves two independent copies of operators transforming according to the isospin-
representations of the isospin group. However, it should be properly taken into account that the nucleon DA also possesses specific properties under group of permutations of three quark fields occurring in the operator O.
To address this issue we introduce the following notations for the combinations of the isotopic amplitudes defined in (29) which, as it is demonstrated below, are symmetric under permutation of the appropriate quark fields in the operator O αβγ ρτ χ (z 1 , z 2 , z 3 ):
Note that these combinations satisfy the identity
In fact this is nothing but the familiar isospin identity for nucleon DA. Indeed, one may check that
and recover the usual form of the isospin identity from (32) . Note that the neutron DA differs from that of the proton only by the overall sign, as it is well known.
To derive further symmetry properties of the nucleon DA under permutation of their arguments we employ the fact that quarks field operators in (1) anticommute. This allows in addition to (32) to establish the following relations for the isospin amplitudes:
For example, the last identity in (34) is the consequence of the relations
The first three identities in (34) justify our definitions (31) while the two last ones further constrain isospin invariant amplitudes.
We choose to express all invariant isospin amplitudes through M N {12} . This allows to write down the following invariant isospin parametrization for the nucleon DA:
The next step is to consider the effect of the relations (32) and (34) for the nucleon DA. To the leading twist accuracy we neglect mass effects (p N → p , where p is lightlike) and employ the standard parametrization for the invariant amplitude symmetric under the exchange of the two first quark field operators:
where {v N , a N , t N } ρτ, χ are the conventional Dirac structures:
The symmetry relations (B3) for the Dirac structures (38) under the interchange of the two first Dirac indices together with (34) lead to the familiar symmetry properties:
Next, using symmetry relations (34) and isospin identity (32) together with the Fierz transformation (B4) for the Dirac structures (38) , one may establish the well known relation for twist-3 nucleon DAs [7, 33, 34] :
This reflects the fact that at leading twist there is only one independent nucleon DA, usually denoted as φ N :
The DAs V p , A p and T p are expressed through this latter function according to
3. Case of ∆(1232) DA
In this subsection we introduce the invariant isospin notations for the leading twist DA of ∆(1232) resonance [36, 37] . With respect to SU(2) isospin group ∆ resonance state represents a spin tensor with one covariant spinor index and one vector index:
It is natural to choose the isospin conventions for ∆ resonance so that the isospin classification of ∆ states coincide with that for isospin- With respect to the Lorentz group ∆ resonance field is described with the help of the
ι satisfies the following auxiliary conditions:
Being guided by the invariance under the isospin group we may write the following tensor decomposition for the matrix element of the three-quark operator between ∆ resonance state and the vacuum:
Here (f a ) {αβγ} ι stands for the only tensor totally symmetric in α, β, γ one can construct out of the existing structures:
One may check that the convolutions of the invariant tensor (f a ) {αβγ} ι with the isospin projecting operators (A26) respect the following properties:
We employ the following parametrization for the leading twist invariant amplitude
and the constants λ ∆ are defined in Ref. [36] . The factor − 
The invariance under permutations of three u-quark fields in (50) leads to the complete symmetry of the invariant matrix element under simultaneous permutations of the arguments and of the Dirac indices:
Employing (51) together with the well-known symmetry relations (B6) for the Dirac structures (49) and the twist-3 Fierz transformations (B7) one establishes the familiar relations [36] for the invariant functions V ∆ , A ∆ , T ∆ and φ ∆ 3/2 defined in (48). Introducing
3) these relations can be written as
together with the consistency condition
Meanwhile, φ ∆ 3/2 (1, 2, 3) turns out to be totally symmetric.
ISOSPIN PARAMETRIZATION FOR πN TDA AND GDA
Let us consider now the matrix element of three-quark operator O αβγ ρτ χ (z 1 , z 2 , z 3 ) between πN states both in TDA and GDA regimes. From the point of view of the isospin symmetry the two regimes can be analyzed on the same footing since the pion field π a transforms according to the adjoint representation of the isospin group. So below we present the isospin decomposition of πN TDA. The expression for πN GDA is exactly the same.
Isospin decomposition for πN TDA should involve both the isospin- parts. Thus, analogously to the cases of ∆ and nucleon DAs, we can write the following isospin decomposition:
where (f a ) {αβγ} ι is the symmetric tensor defined in (46). To put down the last equality in (54) we employed the identity
to eliminate the third structure corresponding to the isospin- representation. Analogously to (31) we introduce the notations
(1, 2, 3) ;
Our present goal is to establish the isospin and permutation symmetry identities for πN TDA invariant isotopic amplitudes. We will show that isotopic and permutation symmetry reduces the number of independent πN TDAs from 16 functions (8 both for the isospin- One may check that the isospin- invariant amplitudes satisfy the set of identities analogous to the isospin invariant amplitudes for nucleon DA. The isospin identity reads
The permutation symmetry results in the set of identities analogous to (34) :
For M (πN ) 1/2 {12} ρτ χ
(1, 2, 3) we introduce the parametrization (10) and define 8 leading twist isospin-
πN TDAs:
One may check that the permutation symmetry relations (58) result in the familiar symmetry properties of the isospin- πN TDAs:
1,2,3,4 (2, 1, 3) ;
We introduce two independent isospin-
Employing the Fierz transformations (B9), (B10), one establishes the consequences of the isospin symmetry relation (57):
(1, 2, 3) + T 
(2, 1, 3) ;
where .
The latter should satisfy the symmetry relations (62).
Isospin-
The consequences of the isotopic and permutation symmetries for the isospin- 
Again, in accordance with (10), we introduce the following parametrization for the leading twist isospin-
Analogously to the isospin- πN TDAs: 1, 3) ;
while
is totally symmetric.
Introducing two independent isospin-
and employing further consequences of permutation and isotopic symmetry relations (64) one may express isospin-
TDAs as
where g 1,2 (ξ, ∆ 2 ), h 1,2 (ξ, ∆ 2 ) are defined in (B11). The consistency condition for (68) may be established from (64):
Thus, we conclude that the parametrization of the isospin- (symmetric under permutation 1 ↔ 3 cf. Eq. (69)).
CHIRAL CONSTRAINTS FOR πN TDAS
In this section we rederive for πN GDAs the soft pion theorem [20] proposed in [16] πN GDAs. This allows to fully take into account the consequences of the isotopic and permutation symmetries for πN GDAs. Using crossing between πN GDAs and πN TDAs discussed in Sec. 1 we simultaneously argue that the soft pion theorem for πN GDAs constrains πN TDAs in the chiral limit (m → 0). The problem of validity of analytic continuation in ∆ 2 existing for m = 0 has the same status as that for the case of pion GPDs v.s. 2π GDAs [18] (see also discussion in [38] ). Assuming smallness of nonanalytic corrections to the relevant matrix element in the narrow domain in (∆ 2 , ξ)-plane defined by the inequalities
(see left panel of Fig. 1 ) one may argue that the soft pion limit provides us with the reference point for realistic modeling of πN TDAs.
Let us consider the matrix element of the three-quark operator O αβγ ρτ χ (z 1 , z 2 , z 3 ) in the regime of πN GDA:
According to the to the partial conservation of axial current (PCAC) hypothesis (see e.g.
[39]), a soft pion theorem [20] is valid for the matrix element (71):
The commutator of the chiral charge operator Q a 5 with the quark field operators is given by
where σ a are the Pauli matrices.
Computing the commutator of the chiral charge with the operator O in (72) 
In the last equality we used the general isospin parametrization (36) for the nucleon DA.
Our present goal is to single out the contributions coming from (74) (1, 2, 3), the isospin decomposition (29) and symmetry relations (34) for the nucleon DA together with the Fierz identities from Appendix B one may check that
where φ N is the leading twist nucleon DA (41) . The invariant amplitude (75) satisfies the isospin- symmetry relations (64). This provides an additional cross-check.
Analogously,
Again one may check that and permutation symmetry relations (57), (58).
In particular for pπ 0 GDA we get
So we recover the result of [16] .
Now we can establish the consequences of the soft pion theorem (72) for πN TDAs.
Applying crossing to the matrix element (71) is trivial up to the problem of appropriate analytic continuation in ∆ 2 . The contributions to πN TDAs occurring in the parametrization (10) can be established with the help of the relations between the Dirac structures (12) and those of (75), (76):
One may check that in the chiral limit this results in the following contributions to the independent isospin-
and isospin- πN TDAs (61), (67) regular at ∆ 2 = M 2 :
The singular at ∆ 2 = M 2 contribution from the u-channel nucleon exchange pole is considered in the next Section. (2), where ∆ 2 − M 2 is small enough.
Nucleon exchange contribution
The effective Hamiltonian for πNN interaction can be written as (see e.g. [40] ):
After the reduction the matrix element in question reads:
πN TDAs are computed form the matrix element (82) with the help of the Fourier transform (11).
Let us first consider isospin structure of (82). Employing the isospin decomposition (y 1 , y 2 , y 3 ) reads:
Calculation of the Fourier transform (11) of (82) gives:
Thus, we obtain the following result for the contribution of the matrix element (82) into πN TDA:
Now it is straightforward to trace the contribution of the nucleon exchange matrix element into the particular invariant functions occurring in the parametrization of πN TDA. For this issue, employing formulas given in the Appendix C, one has to express the Dirac structures in (85) in terms of standard ones. For example, let us consider the first term in (85). To the leading twist accuracy
Finally, one establishes the expressions for the contribution of the nucleon exchange into the isospin-
where we introduced the notation
Notice that (87) is a pure D-term contribution. It is nonzero only in the ERBL-like region and its (n 1 , n 2 , n 3 )-th ( n 1 + n 2 + n 3 = N) Mellin moments give rise to monomials of ξ of the maximal allowed power N + 1.
∆(1232) exchange contribution
The effective Hamiltonian for ∆Nπ interaction reads (see e.g. [41] ):
where P (3/2) denotes the isospin- projecting operator (A26). g πN ∆ is a dimensional coupling constant. As usual, the ∆ resonance is described with the help of the RaritaSchwinger spin-tensor U µ ρ which satisfies the auxiliary conditions (44) . After the reduction the matrix element in question reads:
For the matrix element involving ∆ we employ the parametrization (45) with M ∆ ρτ χ given by (48). As a consequence of the identity (47) ∆ exchange populates only the isospin- To compute the on-shell numerator of graph (90) we employ the method of contracted projectors [42] (see also Appendix I of Chapter I of [39] ). We introduce the corresponding on-shell spin sum:
which carries two Dirac indices as well as two Lorentz indices. The contracted projector is defined as
(p 1 + p π ) µ and Σ in principle may be an arbitrary vector. In order to keep with the u-channel baryon resonance exchange picture of the γ * N → Nπ reaction (2), Σ should be chosen as:
We also introduce the components of P µ and Σ µ transverse with respect to ∆ µ denoted as / P µ and / Σ µ 2 :
Then the explicit expression for the on-shell contracted projector reads [39] :
where P ′ k (...) stands for the derivative of the k-th Legendre polynomial. Note that the argument of the polynomials is the cosine of the u-channel center-of-mass frame scattering
2 Not to be confused with the contraction with γ matrices. We rather adopt Dirac's "hat" notation for this issue.
For our purpose we also need the derivative of the contracted projector:
The calculation of contributions of graph (90) one has to decompose
over the basis of the Dirac structures of (65).
After some algebra one may work out the following contributions of (90) into the invariant form factors (65) to the leading twist-3:
Here λ ∆ is a dimensional constant with the dimension [GeV] 2 . In Ref. [36] the following numerical values are quoted:
The functions R 1,2 , R 1,2 are determined by residue at the pole ∆ 2 = M 2 ∆ . They read as:
The crucial point is that the ∆ exchange contribution into πN TDAs should satisfy symmetry relations for the isospin- :
CONCLUSIONS
We considered general symmetry properties of πN transition distribution amplitudes.
We showed that the Lorentz invariance results in the polynomiality property of the Mellin moments of TDAs in the longitudinal momentum fractions. Analogously to the GPD case,
we revealed the presence of a D-term contribution for the πN TDAs V 1,2 , A 1,2 and T 1,2
generating the highest power monomials of the Mellin moments.
The detailed account of the isospin and permutation symmetries allowed us to provide a unified description of all isotopic channels in terms of eight independent πN TDAs. The general constraints derived here should be satisfied by any realistic model of TDAs.
The crossing relation between πN TDAs and GDAs lead us to establish a soft pion theorem for the isospin- We also presented a simple resonance exchange model for πN TDAs considering nucleon and ∆(1232) exchanges in the isospin- This work opens the way to various consistent models of baryon to meson TDAs to be confronted with experimental data.
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Analogously, the "in" antiparticle state |N α is defined as:
In order to check the consistency of our conventions (A2) and (A3) we should explicitly construct the isospin and hypercharge operators and make sure that the nucleon and antinucleon states (A5), (A6) have the proper quantum numbers.
With the help of Noether's theorem from the free nucleon Lagrangian
employing (A2) we construct the explicit expression for the nucleon isospin operator:
The case of pion field is simpler since for the adjoint representation of SU (2) We describe pions with the help of real pseudoscalar field π a :
and adopt the usual conventions of [43] for the commutation relations of the corresponding creation/anihilation operators a ± a . Pion states are defined as |π a = a + a |0 . The expression for the pion isospin operator reads:
Pion isospin operator acts on the pion state according to
We may construct the usual charged combinations
Now we perform the isospin classification of pion-nucleon states. Let us consider the action of the isospin operator I a on the pion-nucleon state
The action of the operator of the total isospin I 2 on the pion-nucleon state then reads:
This allows to classify the pion-nucleon states with respects to total isospin I 2 and its third projection I 3 and compute the Clebsch-Gordan coefficients:
B. FIERZ IDENTITIES
Employing the Fierz identity for γ matrices (see e.g. [45] ) one may establish the following useful identity for arbitrary Dirac structures Γ, Γ ′ :
Here U stands for an arbitrary spin-tensor with one Dirac index and C is the charge conjugation matrix. 
The Dirac structures (B5) satisfy symmetry relations: 
The result for (t 
